Model 2
Abstract:
Several growth factors, cytokines, hormones activate PI3K/Akt pathway. Akt is a key node in this pathway and activates different downstream paths. One such path is Akt/mTORC1/S6K1 that controls protein synthesis, cell survival, and proliferation. Here we show that a negative feedback controls activation of S6K1 through this pathway. Due to this negative feedback, a sustained phospho-Akt signal generates a transient pulse of phospho-S6K1. We have created a mathematical model for this circuit. Analysis of this model shows that the negative feedback acts as a filter and preferentially allows a signal, with sharp and faster rise of phospho-Akt, to induce pronounced activation of S6K1. It blocks an input with a fast oscillation of phospho-Akt to flow through this path. We show that this negative feedback leads to differential activation of S6K1 by Insulin and Insulinlike Growth Factor 1. Such differential effect may explain the difference in the mitogenic effect of these two molecules. 5 In the present work, we investigate the signal transfer from Akt to S6K1. We show that phosphorylation of S6K1 is regulated by a negative feedback, not an IFF. The negative feedback works as an adaptive motif and transforms a sustained signal by phospho-Akt (pAkt) into a transient phospho-S6K1 (pS6K1) response. Further, we have developed a mathematical model to understand the transformation of temporal dynamics of pAkt into the temporal dynamics of pS6K1. Temporal dynamics of pAkt varies with the dose and type of external cue. The negative feedback ensures that only certain input signals would be able to activate the Akt/mTORC1/S6K1 pathway effectively.
Results
Temporal dynamics of phosphorylation of Akt and S6K1: Insulin-like growth factor 1 (IGF-1) binds to its receptor on a cell and activates PI3K/Akt pathway (20) . We have treated MCF-7 cells with 5 nM and 10 nM of IGF-1 and detected phosphorylation of Akt, at different time points. In both experiments, phospho-Akt (pAkt) increased with time eventually reaching a steady state ( Figure 1) . The rise and the steady state of pAkt varied with the dose of IGF-1. The temporal dynamics of pAkt fitted well with the Hill function ( ) . This coded message should be decoded at the lower level of the pathway. IGF-1 activates PI3K/Akt pathway. Akt activates mTORC1 which in turn phosphorylates S6K1 (14) . We measured the temporal dynamics of phospho-S6K1 (pS6K1) in IGF-1-treated cells.
When treated with IGF-1, pS6K1 showed a transient response (Figure 2a and b). It had an initial rise, with an eventual decline. By 90 minutes, pS6K1 returned to a lower level, even though pAkt remained at the steady state. This behavior was observed for both the doses of IGF-1. However, the amplitude of the transient rise of pS6K1 varied with the dose of IGF-1.
We did experiments to confirm that IGF-1 is inducing phosphorylation of S6K1, only, through PI3K/Akt/mTORC1 pathway. Cells were treated with IGF-1 in the presence of PI3K inhibitor (LY294002) and mTORC1 inhibitor (Rapamycin). PI3K inhibitor blocked IGF-1-induced phosphorylation of Akt, and S6K1 (Supplementary figure S1a). On the other hand, Rapamycin blocked phosphorylation of S6K1 without affecting phosphorylation of Akt (Supplementary figure S1b).
We treated MCF-7 cells with IGF-1 in the presence of U0126, an MEK1/2 inhibitor.
However, U0126 had no effect on the IGF-1-induced temporal dynamics of pAkt, and pS6K1 (Supplementary figure S1c). This confirmed that IGF-1 induced phosphorylation of S6K1 does not involve MAPK pathway in these cells.
Network motif that controls phosphorylation of S6K1:
The transient time course of pS6K1 is typical of an adaptive network motif (21) (22) . In an adaptive motif, sustained input gives rise to a transient pulse of output. Both negative feedback and incoherent feedforward cause such transient behavior (22) . Figure 3a shows three possible network motifs that can give rise to the observed temporal dynamics of pS6K1. First two motifs (I and II) are negative feedbacks. The third motif is an incoherent feedforward (IFF). Ma et al. (22) have shown that motif II and III show robust adaptive behavior for a broad range of parameter values.
We performed experiments to discriminate between these three motifs. PF-4708671 is a specific inhibitor of the kinase activity of S6K1. Inhibition of S6K1 activity would remove the negative feedback in motif I and II. This will linearize these two motifs, and the adaptive behavior of pS6K1 would be lost. However, inhibition of S6K1 activity will not affect motif III.
We treated MCF-7 cells with IGF-1 in the presence of PF-4708671. We observed that in the presence of this inhibitor, the transient behavior of pS6K1 is lost ( Figure 3b ). Like pAkt, pS6K1 also increased with time and reached a higher steady state. This loss of adaptive behavior rules out motif III, the IFF.
Apart from S6K1, mTORC1 phosphorylates several other molecules (23) . In motif I, the negative feedback from S6K1 inhibits mTORC1 activity. That would affect the dynamics of phosphorylation of any substrate of mTORC1. Inhibition of S6K1 would also change 8 the dynamics of phosphorylation of those substrates. We explored this feature to discriminate between motif I and II. mTORC1 phosphorylates 4E-BP-1 (24) . We treated MCF-7 cells in presence/absence of different inhibitors and observed the temporal dynamics of phospho-4E-BP-1 by Western
Blot. We observed that IGF-1 induces rapid phosphorylation of 4E-BP-1 and phosphorylation reaches the steady state at an early time point (Figure 3c The architecture of the model is shown in Figure 4a . Akt and mTORC1 are linearly connected (see motif II, Figure 3a ). Therefore, we have removed mTORC1 from our model and connected Akt directly to S6K1. This makes the model simpler. We have considered two buffer molecules X and Y in the negative feedback ( Figure 4a ). Buffers in negative feedback introduce delay. Delay in a negative feedback is necessary to produce a transient adaptive output (21, 25) . The transient time course of pS6K1 was not a sharp pulse, but a broader one. Two buffer molecules, rather than one, in the negative feedback, allowed us to fit our model better to experimental data. Fitting of our model outputs to experimental results is shown in Figure 4 (b-d).
To validate the mathematical model, we have performed additional experiments. In one, However, the temporal dynamics of pAkt differs with ligand and dose of the ligand used.
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In other words, the message given by a specific dose of a particular ligand is encoded in the temporal dynamics of pAkt. The dynamics of pAkt is transformed into specific temporal dynamics of pS6K1, through the negative feedback circuit. Our experiment and mathematical model show that the dynamics of pS6K1 depends solely on the time course of pAkt, irrespective of the ligand used to activate the pathway.
One can consider the negative feedback motif for S6K1 as a decoder that decodes the That means the negative feedback circuit of S6K1 can differentiate an input signal that 11 rises early from a delayed one. Both AUC and amplitude of pAkt are high for higher values of Hill coefficient (6a and b). Therefore, this motif can also differentiate between a slow and a fast input.
Negative feedback is an adaptive motif. The behavior of pS6K1 depends upon how fast the input increases and the adaptation time scale. With delayed, slow rising input, the system adapts quicker than the rise in input and thereby does not generate pronounced output. Therefore, this motif facilitates a selective transfer of fast rising input signal to downstream molecules.
This property is also observed for transient input signals. We performed simulations with three different pulses of pAkt as input. All of these have equal amplitude but have different slopes for the rise (inset of Figure 6c ). As shown in Figure 6c , the amplitude of pS6K1 depends upon the rate of rise of pAkt and a sharp rise in pAkt causes higher amplitude for pS6K1. In another simulation, we have used pulses of pAkt having different amplitudes (inset of Figure 6d ). It was observed that the amplitude of pS6K1 increases with increase in the amplitude of pAkt ( Figure 6d ).
The negative feedback circuit filters out input with fast oscillation: In some cases, activation of PI3K/Akt pathway generates oscillation of pAkt (29) (30) . Sometimes the input signal itself is oscillatory. For example, insulin level in human plasma has temporal oscillation (31) . Two different pulses of insulin are usually observed, one with shorter a period (~ 12 minutes) and another with a longer period (1-3 hr) (32) (33) . Such oscillatory input would generate oscillation of pAkt (19) .
We have performed simulations to understand how the negative feedback motif of S6K1 handles such oscillatory input. Two oscillatory signals were used as inputs for these simulations, one with the shorter period (15 minutes) and the other with a period of 120 minutes ( Figure 6e ). Amplitudes of both the inputs were same. For such oscillatory inputs, pS6K1 shows limit-cycle oscillation. Figure 6f shows the oscillation of pS6K1 in respective stable trajectories. It shows that pS6K1 responds preferentially to a pAkt oscillation with longer period and has oscillation with much higher amplitude. Therefore, this negative feedback filters out an input with faster oscillation in pAkt.
Temporal dynamics of buffers X and Y explains this phenomenon. For an adaptive motif, recovery time is an important parameter. It is the time required for the system to reset itself to initial state once the input signal is removed (25) . An adaptive motif can not respond to successive pulses of input signals, if the negative regulators do not go back to the initial state, after the decay of the first input pulse. Therefore, the period of oscillation of the input signal has to match with the recovery time of the negative feedback motif. In our system, a period of 15 minutes, for pAkt oscillation, is too short with respect to the time required for X and Y to return to basal levels. Therefore, this input can not produce pronounced oscillation in pS6K1.
Differential effect of IGF-1 and Insulin on cell proliferation:
We have observed that equal amount of IGF-1 and Insulin differentially activates Akt (Figure 1a and 5a ). 10 nM of IGF-1 induced a rapid increase in pAkt; whereas 10 nM of Insulin triggered a delayed rise in pAkt. However, for both IGF-1 and Insulin, steady state values of pAkt were similar. The negative feedback of S6K1 transforms this difference in pAkt dynamics into a marked difference in phosphorylation of S6K1 (Figure 2a and Figure 5a ). IGF-1 induced a transient rise in pS6K1 well above its basal level. However, for insulin, it was very close to the basal level.
S6K1 is one of the key molecules through which PI3K/Akt pathway controls cell proliferation. We treated MCF-7 cells with different doses of insulin and IGF-1 and measured cell viability by MTT assay (Figure 7a ). We observed that IGF-1 is mitogenic to these cells and increases viable cells even at lower doses (5 and 10 nM). On the other hand, insulin has moderate mitogenic effect only at a higher dose (25 nM).
Further, we explored if there exist any correlation between temporal dynamics of pS6K1 and cell viability, independent of the signaling molecule used. We measured timedependent change in pAkt for cells treated with three doses of IGF-1 and insulin (5, 10, and 25 nM) by Western Blot. The data were fitted to Hill equations and used as inputs for the mathematical model to simulate the temporal dynamics of pS6K1. We estimated AUC and amplitude of pS6K1 for each case from the simulated data. We observed that both AUC and amplitude of pS6K1 have reasonable correlation with cell viability (Figure   7b and c). S6K1 is not the sole regulator of cell proliferation. Even then, the difference in its activation by IGF-1 and insulin apparently correlates with the difference in their effect on cell proliferation.
Discussion:
In this work, we have shown that phosphorylation of S6K1 at T389 is controlled by a negative feedback. Phosphorylation at this site is a marker for the active form of S6K1 However, pS6K1 showed a transient response. Transient increase of pS6K1 has been observed earlier in several other experimental systems (19, (35) (36) . In our experiments, pS6K1 had a transient rise, even though pAkt persistently remained at a higher level.
Such adaptive dynamics of pS6K1 has also been reported earlier (12) .
This transient pulse of pS6K1 indicates the existence of an adaptive motif that controls phosphorylation of S6K1. Negative feedback and incoherent feed-forward circuits are adaptive motifs that can generate transient outputs (22) . Kubota et al. (19) had earlier proposed that phosphorylation of S6K1 is controlled by an incoherent feed-forward.
However, by experiments using inhibitors we have shown that a negative feedback, not an IFF, controls phosphorylation of S6K1.
We have created a mathematical model for this network motif and have estimated its parameters from our experimental data. This model successfully predicted the behavior of pS6K1 when different inputs were used to activate PI3K/Akt pathway.
IRS-1, a molecule upstream to Akt in PI3K/Akt pathway, is modulated by a negative feedback from S6K1 (37) (38) . The temporal dynamics of pAkt is the input signal for our model and inhibition of S6K1 did not have a considerable effect on pAkt dynamics in our experiments (Supplementary Figure S2) . Therefore, we have not considered any feedback from S6K1 to upstream of pAkt, in our model.
A delay between activation by the input and the inhibition by the feedback is required to produce a transient output in a negative feedback circuit (25) . We have considered two buffer molecules, X and Y, in our model to match the transient behavior of pS6K1 observed in experiments. The identities of X and Y are not yet known. They may be molecules that selectively modulate association of S6K1 with mTOR. Very recently, Liu et al. (39) have shown that LY-277 9964, an inhibitor of S6K1, increases association of S6K1 with mTOR. Translocation of molecules in different cellular compartments can also work as buffers and introduce a time delay in a pathway (40) (41) . S6K1 is located predominantly in the cytoplasm. However, growth factor-induced phosphorylation at T389 causes its translocation to nucleus (42) (43) . Such translocation of the phosphorylated and active form of S6K1 may cause a delay in the negative feedback.
Due to the negative feedback, a high and persistent input signal, gives rise to transient increase in pS6K1 and after some time the level of pS6K1 goes back to lower steady state level. Unless the input is removed and the system is reset, any additional input would not be able to increase pS6K1. We have observed this phenomenon by repeated treatment with high dose of IGF-1 (Supplementary Figure S3 ). This assures that a high input signal can pass only transiently through the mTORC1/S6K1. However, any aberration in expression or activity of components involved in this negative feedback would disturb this transient behavior. When these molecules are absent or expressed at a lower level, even a weak but persistent input signal will generate a sustained high level of pS6K1 (Supplementary Figure S4 ). This will change the downstream processes controlled by S6K1.
One can assume that such an aberration may be involved in certain diseases. mTORC1/S6K1 is involved in nutrient sensing, obesity, and insulin resistance (44) .
Several studies have shown that mice fed with high-fat diet had sustained elevated phosphorylation of S6K1 in the liver and islets cells than those fed with normal food (45) (46) . Similar persistent high pS6K1 was observed in db/db and ob/ob mice that are models for type 2 diabetes and obesity respectively (47) . Though there may be several possible causes behind such persistent activation of S6K1, downregulation of the negative feedback is also a probable reason.
We have observed that the IGF-1 and insulin induce distinct dose-dependent temporal dynamics of pAkt. This is typical of temporal encoding of information in a signaling pathway. The affinity of a ligand for its receptor, phosphorylation dynamics of the receptor and interaction of adaptor molecules with the receptor determine such encoding (48) (49) . Network motifs at downstream parts of a pathway act as decoders and decide the flow of a signal through a particular path (19) . The negative feedback of S6K1 is working like a decoder. It allows only fast rising pAkt to induce strong phosphorylation of S6K1.
Thereby it allows a signal with fast rising pAkt to pass through Akt/mTORC1/S6K1 path. Accordingly, the difference in pAkt dynamics for IGF-1 and insulin translates into differential activation of S6K1. In our experiments, 10 nM of insulin induced transient phosphorylation of S6K1. However, such induction was very feeble. In comparison to insulin, same concentration of IGF-1 induced transient but marked increase in phosphorylation of S6K1. Therefore, one can consider that the negative feedback of S6K1 is preferentially allowing the IGF-1 signal to pass-through Akt/mTORC1/S6K1 path.
Such preferential transfer of a signal through a particular path should also modulate the effect of an external signal on a cell. S6K1 is involved in the control of cell survival and proliferation. We have observed that the difference in signaling through Akt/mTORC1/S6K1 path has an apparent correlation with the effect of IGF-1 and insulin on cell proliferation. Treatment with 10 nM of IGF-1 led to more than two-fold increase in viable cells. However, insulin at that dose failed to induce cell proliferation.
Correlation analysis showed that increase in cell viability has reasonable correlation with AUC and amplitude of pS6K1, across different doses and such correlation is independent of the signaling molecule used.
Multiple pathways and a large number of molecules control proliferation of a cell. 
